The paper examines features of the morphology and structure of thin films based on fluorinecontaining oligomers modified by nanoparticles of different composition and obtaining technology. A classification of nanophase and nanocomposite thin film coatings is proposed.
Introduction
Thin film wear inhibitors of tribosystems formed from the active gas phase, solutions, rotaprint and plasma-chemical methods are widely used in tribotechnics, including precision equipment (Struk, 1988; Goldade, Struk, and Pesetsky, 1993; Avdejchik, 2007; 2008) . Despite the difference in the formation technologies of fluorine-containing coating (FCC), differing in composition, structure and geometric parameters, there are general laws of occurrence of the mechanism of its anti-friction and anti-wear action, due to the specifics of the molecular and supramolecular structure. Low level of molecular interaction of fluorine-containing polymer and oligomer components provides low values of tangential shear of the surface layers in the composite materials articles or in coatings on the of the friction contact surfaces. At the same time, this characteristic feature of the structure of fluorine-containing compounds leads to increased wear of the articles due to the low capacity of friction dispersing products to the adhesive attachment on the friction surfaces and the formation of a stable separating film (Okhlopkova, 2000; Ovchinnikov, 1997; Boiko, 1998; Napreev, 1998; Sirenko, 1985) . To improve the tribological performance parameters the fluorine-containing oligomeric and polymeric matrix are modified by components of different composition, dispersion, structure and mechanism of action (Okhlopkova, 2000; Ovchinnikov, 1997; Boiko, 1998; ; Napreev, 1998; Sirenko, 1985; Buznik, Fomin, and Alkhimov, 2005; Gorbatsevich, 2002) , and are subjected to energy impacts with laser, ionizing, thermal and other sources (Serafimovich, 2007; Lovshenko, Panteleenko, and Rogachev, 2004; Avdejchik, 2006) . The different modification methods allow controlling the parameters of the structural characteristics that define the parameters of deformation strength, tribological, adhesive, thermophysical and other service characteristics of composites. It appears interesting to explore specific mechanisms of modifying the action of the various functional components in composite coatings based on fluorinecontaining oligomers that have found widespread use in the practice of tribosystems of automotive, railway and special vehicles (Lovshenko et al., 2004; Avdejchik, 2006; 15) .
Research methods
Fluorine-containing oligomer ("Foleoks" and "Epilam") and polymer-oligomer products of thermogas dynamic synthesis (TGD-synthesis) of polytetrafluoroethylene (PTFE) were selected as the main research objects. These products are sold under the "Forum" brand name by manufacturers (Institute chemistry of synthetic rubber after Lebedev, RAS, St. Petersburg and the Institute of Chemistry FEB RAS, Vladivostok). The fluorine-containing oligomers (FCO) "Foleoks" ("Epilam") are the 1-2 wt.% solutions in freon of the active component with a molecular weight of from 2,200 to 5,000 units and the structural formula R f -R 1 , wherein R f -fluorinated radical, R 1 -functional group (-OH,-COOH,-NH 2 , -CF 3 ). Polymer-oligomeric product (POP) TGD synthesis PTFE has a characteristic form of powder with particles size less than 5 microns, and comprising in the range of oligomer and polymer fractions of different molecular weight (from a few hundred to several hundred thousand units). The ratio of oligomeric and polymeric fractions depends on the TGD-synthesis and is a variable parameter of the "Forum" product. As modifiers of selected oligomer (OM) and oligomer-polymer matrices (POP) were used dispersed powders of carbonaceous materials UDAG (nanosized product of explosive synthesis with a negative oxygen balance) (Lovshenko et al., 2004; ) , nanocarbon products of plasma synthesis (nanotubes) (Avdejchik, 2006) , fluorinated high dispersion carbon with varying degrees of fluorination, the dispersed particles of "Viskum" carbon fiber (CF) with a particle size less than 0.5 microns, clay minerals (CM) (Lovshenko et al., 2004; Avdejchik, 2006) . Modifiers were injected into compositions by mixing in a drum mixer with ceramic or metal grinding bodies. Coatings on solid substrates were formed by dipping in a suspension or solution based oligomers "Foleoks" and rotaprint method using a polishing tool. As substrates were used plates and foils of metals (carbon and alloy steels, copper, aluminum, brass), sodium silicate glass, mica (muscovite, phlogopite) and polymer products (films of polypropylene, high density polyethylene, polyethylene terephthalate, etc.). Substrates before coating were cleaned, degreased and special processing techniques when necessary (phosphating, deposition of titanium nitride underlayer, a corona treatment, a short-pulse laser beam). The thickness of the formed composite coating is from several microns to 200 microns depending on the composition of the used semi-finished product, the number of treatments and their functionality. Power modification of deposited coatings was carried out by thermal treatment in air at a temperature of 373 -773 K, by soft X-rays, by a short-pulse laser with a pulse energy of 0.5 to 6 J.
Studies of transformations of molecular and permolecular structure of coatings were carried out by IR spectroscopy, DTA, X-ray analysis by conventional methods. Morphology of the coatings, the topography of the surface layer and the phase structure were evaluated by atomic force microscopy (AFM) using a software for image processing and visualization developed by ODO "Microtestmachines." The charge state of the composite coatings and used modifiers were studied by spectroscopy of thermally stimulated currents (TSC) on the recommendations of the developer of TSC-analysis installation. Comparative studies of the structure characteristics of the coatings based on FCO and TGD-synthesis performed using literature devoted to the analysis of fluorinecontaining products obtained by the solution, plasma-chemical, ablative, laser and other technologies (Buznik, Fomin, and Alkhimov, 2005; Serafimovich, 2007; Rogachev, 1989) .
Results and discussion
Analysis of the literature and our own studies of the structure of fluorinecontaining coatings formed by different technologies (Ovchinnikov, 1997; Boiko, 1998; ; Napreev, 1998; Buznik, Fomin, and Alkhimov, 2005; Serafimovich, 2007; Ovchinnikov, Struk, and Gubanov, 2007; Rogachev, 1989 ) allowed making their classification by the molecular weight of the used matrix (Figure 1 ). Without pretending to be exhaustive proposed classification, we assume the typical structural features of composite coatings of different composition and forming technology.
FIGURE 1. CLASSIFICATION OF FLUORINE-CONTAINING TRIBOLOGICAL COATINGS
Thin-film coating of "Foleoks" fluorine-containing oligomers of different composition represents a "sandwich structures", consisting of a plurality of layers of macromolecules with different orientations relative to the substrate (Figure 2 a,  b) . Presence of polar groups (-OH, -COOH, -NH 2 ) in oligomer macromolecule promotes its adsorption interaction with the surface layer 3 of the metal substrate forming a layer with a preferred macromolecules orientation perpendicular to the surface plane. In the structure of the film are combined layers with different ordering of due to the weakening of action of the power field of the metal substrate surface. The thickness of the boundary layer h b and thickness ratio of ordered and disordered surface layer of the h b : h s are determined by the structure of the macromolecule (the type and number of polar functional groups) and the activity of the metal substrate (structure and thickness of the oxide layer, defective, the charge state, phase structure, etc.). 
Thermal effect on the formed covering causes the formation of quasi-crystalline nanophase, the content of which is determined by processing technological parameters (temperature, time). By enhanced modes of temperature influence a nanophase coating with a typical structure consisting of oligomeric matrix and reinforcing phases (2) is produced (Figure 2 c, d ).
Structuring power influence on film causes the formation of reinforcing phases in a volume, formed as a result of processes of the macromolecules structuring on the mechanism of radical transformations. Nanophase film structure in this case includes permolecular and structured phases 4 which reinforces a coating and increases its wear resistance (Figure 2 d, e) . The usage of oligomers of different composition (polar and non-polar) allows to form a coating that combines the chemisorption layer of polar oligomer with increased adhesive strength 5, and surface layer 6 with a low shear strength (Figure  2 g, h) . Nanophase coatings obtained from a mixture of oligomers of different structure, are used in precision tribosystems with a specified service life (Ovchinnikov, Struk, and Gubanov, 2007) . Structuring the matrices may be achieved by introducing in its composition lowdimensional particles having an uncompensated charge due to the synthesis or preparation features (e.g., dispersion in dismembrators). The characteristic form of the EPR spectra of superfine carbon-containing products of UDAG, carbon fiber, PTFE TGD-synthesis indicates the presence of charge carriers with a long relaxation time. The power impact of modifiers of this type leads to the formation of phases 7 in the volume of the composite coating with ordered boundary layer 8 around each particle 7 (Figure 2 i, j) . The composition of nanosized particle, as well as a way to make it the active charge state, does not have a fundamental impact on the possibility of formation of nanophase structure with ordered boundary layer. The role of nanomodifier composition is shown at tribochemical interactions: the components of a layered structure (colloidal graphite, thermally cleaved graphite, molybdenum disulfide, clay minerals, etc.) contribute to the formation of the separation layers with high resistance, reducing the intensity of mechanochemical wear of various structure tribosystems. When using as a modifiers of high active dispersed particles of non-lamellar structure (carbon, mechanically activated particles obtained by carbon fibers grinding, etc.), it is observed reinforcing effect of oligomeric matrix of composite coating causes increasing its load-carrying capacity. An important factor in this case is the combined effect of the specific nanoporous structure modifying particle; its compatibility with the oligomeric matrix is due to the presence of the fluorination products in the surface layer and advanced surface in combination with uncompensated charge. The most effective modifiers of complex action mechanism in the composite coatings based on fluorine-containing oligomers such as "Foleoks" ("Epilam") are nanoscale products of thermogas dynamic synthesis of polytetrafluoroethylene. Analysis of the literature suggests a polymer-oligomeric structure of the PTFE TGD-synthesis products due to the peculiarities of the producing technological process (Figure 3 ). Schematically the technological process of the formation of superfine particles at destruction of polytetrafluoroethylene semifinished products in the medium of the gaseous thermolysis products can be represented as follows.
In the initial block of PTFE due to the specific conditions of press forming followed by sintering defect structure is formed caused by the presence of intense boundaries of interaction between the single particles 1 and macrodefects 2 (Figure 3a) . With vigorous thermal exposure (723 -773 K) (Buznik, Fomin, and Alkhimov, 2005) in the volume of semifinished product the progress thermal destruction processes lead to the formation of zones with intense degradation with products in the gaseous state (3). Excess amount of a specific pressure of a gas fraction leads to cohesive failure of semifinished product with formation of lowdispersed polymeric fragments (4). At deposition on the intensively cooled receiver occurs condensation of oligomeric products of PTFE thermal destruction with formation of oligomer-polymer particles with the polymer core 5 and the oligomer shell 6 consisting of products of different molecular weights (Figure 3 b) . Typical appearance and morphology of the polymer semifinished product (c) and structure of TGD synthesis particles (d) favor the proposed mechanism of technological process behavior. The specific structure of the polymer-oligomer nanosized modifier obtained by TGD-synthesis, and its charge state causes the complex mechanism of the structuring action in the "Foleoks" type oligomeric matrixes (Figure 4) . Due to the similar structure of the polymer-oligomer modifier particles and oligomeric matrix it is observed oligomeric polar macromolecules diffusion in the outer layer of nonpolar oligomer of TGD-synthesis particle. It causes swelling of the polymer core 1 and oligomer membranes with formation of zones of increased ordering 2, 3. Under the influence of the uncompensated charge of the core of the oligomerpolymer particle is the preferred orientation of the polar oligomeric molecules 4 of matrix ( Figure 4a ). This is how the specific structure of the coating with different levels of ordering and reinforcement with enhanced adhesion strength is forming due to chemisorption interaction of matrix macromolecules with a metal substrate (Figure 4b ).
FIGURE 4. SCHEME OF THE "FOLEOKS" OLIGOMER INTERACTION WITH PTFE THERMOGAS DYNAMIC SYNTHESIS PRODUCTS (A) AND STRUCTURE OF THE COMPOSITE POLYMER-OLIGOMERIC COATING (B). EXPLANATIONS ARE IN THE TEXT a) b)
It should be emphasized the thermodynamic compatibility of all components of the coating is caused by the proximity of the molecular structure of the core polymer, oligomer, oligomeric nonpolar shell and polar matrix. Unlike traditional fillers and modifiers, including low-dimensional, such structure conditions realization of all advantages of each of the components and provides comprehensive synergistic effect of increasing the adhesion and tribological characteristics complex. At frictional interaction in the contact zone the polymer an oligomeric modifier performs the function of antifriction component, while increasing the load capacity of the composite coating. The ability of the non-polar oligomer fraction to redeforming causes a low friction coefficient, typical fluorinated waxes, and the formation of a stable separation layer with a long lifetime. Relatively small sizes of the polymer core of modifier, not exceeding 100 nm (Buznik, Fomin, and Alkhimov, A.P., 2005) , allow using these composite coatings in precision tribosystem with minimal clearance in the conjugation. The considered variants of the composite coatings can be used as independent wear inhibitors of friction units of various machines and equipment, and to create composite coatings on substrates coated with a specially deposited sub-layer with developed topography. Such sublayers may be formed by chemical treatment (e.g. fluorination), high-energy streams effect (reactive ion etching, laser treatment, corona discharge), mechanical treatment (water jet, grinding etc.), using vacuum technology (synthesis of diamond-like coatings or coatings based on nitrogen and carbon compounds in the active medium), etc. (Lovshenko et al., 2004; Avdejchik, 2006) . In this version, composite layer based on fluorine-containing oligomer acts as scuff-resistant coating on the high-strength and wear resistant sublayer, for example, formed from fine-grained metal phosphates, titanium nitride or carbide, diamond-like carbon. The enhanced capability of polar oligomeric macromolecules to chemisorption interaction leads to the passivation of the juvenile grounds of actual contact of friction surface roughness and reduction of the probability of scuffing and tearing in depth. Such multi-layer multi-phase coatings are most effective in tribosystems which are realized in the process of cold forming metal workpieces during forging and cold-drawn. Furthermore, they may function as extreme pressure coating of details with reverse movement character, such as cylinder-piston internal combustion engine group (Lovshenko et al., 2004; Avdejchik, 2006) . Thus, depending on the molecular, permolecular and phase structure and composition of the coatings based on "Foleoks" fluorine-containing oligomers or their analogs, "Epilam" have different indicators of service characteristics and function as a wear inhibitor in various design tribosystems. The implementation of different levels of structure (molecular; permolecular; phase; interlayer) is determined by technological parameters of the coating forming process, depending on the operational requirements of the tribosystem.
Conclusion
The oligomeric fluorine-containing components by using mortar technology develop thin-film coatings, comprising a quasi-crystalline nanophases in oligomeric matrix with high chemisorption activity to a metal substrate. Modifying of the oligomeric matrix by active components with uncompensated charge leads to the formation of ordered areas at the interface "low-dimensional filler-matrix". In composites, containing synthetic polytetrafluoroethylene thermogas dynamic products, synergistic effect is realized due to thermodynamic compatibility of oligomeric polar and nonpolar components and high-molecular particles with uncompensated charge. This ensures the formation of coating with improved adhesion, deformation strength and tribological characteristics parameters. In multilayer multiphase coatings a polymer-oligomer composite layer performs the function of scuff-resistant element that prevents setting and tearing in depth on the actual contact spots.
